Summary. Background: Neutrophil extracellular traps (NETs) are released when neutrophils encounter infectious pathogens, especially during sepsis. Additionally, NETosis occurs during venous and arterial thrombosis, disseminated intravascular coagulation, and trauma. Objective: To determine whether hemodynamic forces trigger NETosis during sterile thrombosis. Methods: NETs were imaged with Sytox Green during microfluidic perfusion of activated factor XII-inhibited or thrombin-inhibited human whole blood over fibrillar collagen (with or without tissue factor). Results: For perfusions at initial inlet venous or arterial wall shear rates (100 s À1 or 1000 s À1 ), platelets rapidly accumulated and occluded microchannels with subsequent neutrophil infiltration under either flow condition; however, NETosis was detected only in the arterial condition. The level of shear-induced NETs (SINs) at 30 min was > 150-fold higher in the arterial condition in the absence of thrombin and > 80-fold greater in the presence of thrombin than the level in the venous condition.
With or without thrombin, venous perfusion for 15 min generated no NETs, but an abrupt shift-up to arterial perfusion triggered NETosis within 2 min, NETs eventually reaching levels 15 min later that were 60-fold greater than that in microchannels without perfusion shift-up. SINs contained citrullinated histone H3 and myeloperoxidase, and were DNase-sensitive, but were not blocked by inhibitors of platelet-neutrophil adhesion, high-mobility group protein box 1-receptor for advanced glycation end products interaction, cyclooxygenase, ATP/ADP, or peptidylarginine deiminase 4. For measured pressure gradients exceeding 70 mmHg per millimeter of clot across NETgenerating occlusions to drive interstitial flow, the calculated fluid shear stress on neutrophils exceeded the known lytic value of 150 dyne cm À2 . Conclusions: High intersti-
Introduction
Activated neutrophils can release their DNA when triggered by endotoxin or cytokines [1] , pathogenic microorganisms [2] , platelet-derived high-mobility group protein box 1 (HMGB1) [3, 4] , and autoantibodies [5] . Neutrophil extracellular traps (NETs) have antimicrobial activity [1] , and provide components for contact activation of the coagulation pathway [6] [7] [8] and for tissue factor (TF) pathway inhibitor degradation [9] . However, NETs can also contribute to tissue damage [10] . NETs have been implicated in the pathogenesis of sepsis [11] , venous thrombosis [4, 12] , arterial thrombosis [3, 13] , disseminated intravascular coagulation (DIC) [14] , trauma [15, 16] , transfusion-related acute lung injury (TRALI) [17] , and autoimmune vasculitis [5] . During thrombotic or hemostatic events, sterile blood clotting is typically dominated initially by platelet accumulation, with neutrophils becoming localized at later stages [18] . Display of endothelial or platelet P-selectin facilitates P-selectin glycoprotein ligand-1 (PSGL-1)-dependent neutrophil adhesion under venous flow conditions [19] . Platelet activation by thrombin, ADP and collagen can also induce NET production, through HMGB1 release [3] . The plateletderived disulfide-HMBG1 drives NETosis by activating neutrophil receptor for advanced glycation end products (RAGE), a pathway that is present in the partial stenosis model of deep vein thrombosis (DVT) in the mouse [4] . HMGB1 and NETs have also been detected in thrombi following acute myocardial infarction [13] . High-dose lipopolysaccharide (LPS) (5 lg mL À1 ) or septic plasma can activate platelet toll-like receptor 4, which can then drive NETosis with bacteriostatic activity [11] . Critical events during NETosis include disruption of the nuclear membrane and chromatin decondensation, followed by rupture of the plasma membrane [20] . Often, NETosis utilizes reactive oxygen species and/or peptidylarginine deiminase 4 (PAD4) for chromatin decondensation via the formation of citrullinated histones [21] [22] [23] . The extracellular decoration of neutrophil-released DNA with elastase, myeloperoxidase and citrullinated histone are key diagnostic features of NETosis [20] . NET formation has been studied in the presence of flow by the use of endotoxin stimulation or phorbol ester stimulation [24, 25] . However, the distinct role of pathophysiologic hemodynamic force as a trigger or cofactor for NETosis has not been resolved.
We hypothesized that hemodynamic shearing forces may play a role in NET formation during thrombosis. With the use of microfluidics, the reaction of whole blood (WB) with collagen surfaces can be studied under conditions that either prevent or promote thrombin formation and fibrin deposition. As a clot grows under flow, fluid shear stress increases on the outer surface of the clot exposed to flow. When clotting progresses towards full occlusion, however, the reduction in luminal cross-sectional area eventually generates a significant pressure drop to reduce flow and wall shear stress, up to the point of full occlusion [26, 27] . At full occlusion, the clot must withstand a pressure drop across its length (DP/L), and this pressure drop drives an interstitial Darcy flow of plasma and blood constituents through the pore space of the clot, generating interstitial stresses. Intrathrombic hemodynamic force was a potent trigger of NETosis in sterile occlusive thrombi.
Materials and methods

Materials
All reagents were obtained as described in Data S1. 
Microfluidic assay
For coating with collagen or collagen/lipidated TF, a single 1000-lm-wide channel polydimethylsiloxane (PDMS) patterning device was vacuum-sealed to a Sigmacote-treated glass slide, as previously described [27, 28] . A total of 5 lL of 0.5 mg mL À1 collagen solution (or collagen followed by a 5-lL infusion of 7 nmol L À1 TF) was perfused through the channel to create a prothrombotic coating on the glass. Similarly, 5 lL of 100 lg mL À1 Pselectin can be used to generate a surface that allows neutrophil adhesion. The patterning device was replaced with an eight-channel PDMS device, with each channel (height, 60 lm; width, 250 lm) positioned perpendicular to the patterned collagen (Fig. S1 ). Thrombi were formed in pressure-relief mode [27] to give an initial wall shear rate of 100 s À1 or 1000 s À1 at a constant withdrawal flow rate of 1 lL min À1 or 10 lL min À1 per channel, respectively. In the pressure-relief mode, four alternating channels were loaded with EDTA-treated WB to abolish all clotting. As thrombi grew in the other four matched channels perfused with activated factor XII-inhibited WB (with CTI) or thrombin-inhibited WB (with PPACK), blood flow was diverted to the EDTA-treated WB channels. Additional imaging conditions and hemodynamic information are provided in Data S1.
Simulation of interstitial flow within platelet clots containing neutrophils (no fibrin)
The lattice Boltzmann method was used to solve the interstitial velocity field of the Darcy flow around the neutrophil and through the porous gaps formed between platelets of the fully occluding clot. A coarse-grained membrane model was used to simulate flow-induced neutrophil deformation and stress. The immersed boundary method was used to solve the coupling between the neutrophil deformation and the effective interstitial fluid flow [29, 30] (Data S1). The computational flow simulation used a subvolume of the thrombosed microfluidic channel corresponding to an xy-plane of 40 9 40 lm and length of 80 lm along the z-axis in the direction of flow. The clot medium was created by random positional insertion of each platelet (either 2 lm or 3 lm in diameter, picked randomly prior to each insertion event). The resulting porosity of the clot medium was 0.38. The platelet clot was treated as solid nodes in the fluid domain. A neutrophil was modeled as a coarse-grained membrane that resisted stretching and bending with an area expansion modulus of 40 pN lm À1 [31, 32] and a bending stiffness of 1.5 9 10
À18 J (about 374k B T) [33] . The effective neutrophil volume was kept constant (12-lm initial diameter, 452 lm 2 , 905 lm 3 ) and discretized with 10 242 surface nodes and 20 480 triangular elements. A constant pressure gradient (ΔP/L = 70 mmHg per millimeter of clot) was maintained between the inlet and the outlet. A small crevice in the platelet medium was created to allow the neutrophil to enter the depth of the clot, as observed experimentally. The flow rate decreased as the neutrophil entered the gap formed in the clot medium, with an average interstitial flow rate ( vA = 64 lm s À1 9 1600 lm 2 at t = 4.8 ms). For a clot with a platelet porosity of 0.38, the resulting permeability of the platelet clot was 6.7 9 10 À11 cm 2 , consistent with numerous measurements [34] .
Results
NETosis is triggered by arterial hemodynamic forces within sterile thrombotic occlusions
For each pair of microchannels perfused at either 2 lL min À1 or 20 lL min À1 (Fig. 1A,B ) to achieve an initial wall shear rate of 100 s À1 or 1000 s À1 , respectively, one channel allowed active clotting to proceed to occlusion, and the other matched channel remained fully open during perfusion with EDTA-treated WB. For platelet deposition (no thrombin present with PPACK WB) at an initial wall shear rate of 100 s À1 (Fig. 1A) , platelets continually accumulated over the course of the 30-min experiment, with slow accumulation of neutrophils (~30 neutrophils along the 1-mm long clot) between 15 min and 30 min (Fig. 1C,D) , and no detection of NETs (Fig. 1E,F ). In contrast, at an initial arterial wall shear rate of 1000 s À1 , both platelets and neutrophils continually accumulated ( With no thrombin or fibrin production, continuous arterial perfusion resulted in a > 150-fold increase in NET production relative to the venous condition (Fig. 4A ). NETosis also occurred under arterial flow conditions or in the perfusion shift-up experiment (Fig. S4 ) when thrombin and fibrin were allowed to form during sterile thrombosis. When CTI-treated WB was perfused over collagen/TF, a full thrombotic response occurred, including platelet, thrombin and fibrin accumulation (Fig. 4C,D) . With thrombin and fibrin generation, the arterial flow condition drove NET production to a level that was > 80-fold greater than that in the venous condition. Similarly, the perfusion shift-up at 15 min resulted in 52-fold and 90-fold increases in NET production (after 15 min of high flow) relative to no shift-up, in the absence (Fig. 4B) or presence (Fig. 4D ) of thrombin/fibrin, respectively. Neither thrombin nor fibrin was required for shear-induced NETosis. Additionally, neither thrombin nor fibrin blocked shear-induced NETosis.
For constant flow rate through an eight-channel device lacking the EDTA-WB diversion channels, the flow becomes highly pathologic as the growing clot continually narrows the channel lumen. This experimental condition is different from in vivo hemodynamics, because vessels do not thrombose at a constant flow rate. Under these laboratory microfluidic conditions of clotting at a constant flow rate, the syringe pump always is stronger than a clot: the wall shear stress on the clot surface can become quite large (> 10 4 dyne cm À2 at > 80% occlusion), as will the continually increasing pressure drop on the occlusive clot that sustains an interstitial flow rate set by the infusion pump. In this laboratory configuration of a constant flow rate, the superficial flow rate (1 lL min
À1
per channel of cross-sectional area of 250 9 60 lm) remains precisely well defined by the syringe pump. SINs were consistently observed in the distal regions of occlusive clots. The NETs were immunopositive for citrullinated histone H3 (CitH3), and were rapidly degraded by DNase, confirming that Sytox Green detects NETs under the microfluidic flow conditions of coagulation (Fig. 5) . Interestingly, not all of the released DNA was immunopositive for CitH3 (Fig. 5F ), indicating some heterogeneity in the mechanism of NET release. We also tested a number of inhibitors for possible antagonism of SINs (Fig. 5J) . Consistent with the observed physical entrapment of neutrophils in the clotted structures, the accumulation of neutrophils and the subsequent release of NETs in arterial conditions was not blocked by anti-PSGL-1 and anti-CD18, despite a delay in neutrophil recruitment (Fig. S6) . When CD11a/CD11b and CD18 antibodies were combined (Fig. S8A-C) , neutrophils still accumulated, consistent with a physical entrapment mechanism within the platelet mass, and SINs were still detected. Despite the abundance of platelets in the clot structures, inhibitors of platelet mediators had little effect on SINs. In the presence of thrombin, cyclooxygenase blockade by acetylsalicyclic acid (ASA) did not affect platelet/neutrophil deposition or NET release. When TF was absent from the collagen surface (Fig. S7) , ASA caused an expected delay and reduction in platelet accumulation under flow [35] , which consequently delayed occlusion and neutrophil accumulation. and neutrophil accumulation then progressed along with concomitant shear-induced NETosis when the platelet deposits became occlusive. The recombinant protein reBoxA, which blocks the subdomain of HMGB1 [3, 4] , had no effect on NET formation ( Fig. 5J; Fig. S7 ). Blocking antibodies against HMGB1 or RAGE had no effect on the extracellular DNA signal. Inhibiting PAD4 with Cl-amidine [36] did not reduce NET production ( Fig. 5J; Fig. S7 ). In the absence of thrombin/ fibrin generation (Fig. S8D,F-H) , platelet deposition was significantly reduced, as expected, by the PI3K inhibitor wortmannin, and no neutrophil recruitment occurred. Without neutrophils, no DNA release was detected. In contrast, when thrombin generation and fibrin polymerization were triggered with TF (Fig. S8E , I-K), platelets accumulated even in the presence of wortmannin, neutrophils were captured, and shearinduced NETosis was detected. Under fully thrombotic conditions driven by surface TF, in which wortmannin's effect on platelets was overcome, the exposure of neutrophils to PI3K inhibition did not block shear-induced NETosis. Hemodynamic forces triggered shear-induced NETosis. The elevated shear stress was not only required for triggering of shear-induced neutrophil extracellular trap (NET) production, but was also required for sustained NET release. When the shear rate was reduced to 100 s À1 , the extracellular DNA signal started to plateau, and the rapid signal rise was again observed when the condition was returned to arterial shear (A-C). Flow shift-up (ΔQ = 2 lL min À1 ?20 lL min À1 per pair of channels) at both 12 min and 18 min led to rapid NET release within
To determine whether shear-induced platelet activation (SIPA) and consequent platelet secretion drives shearinduced NETosis, we conducted three separate experiments (Fig. 6) , all of which demonstrated a lack of any role for SIPA releasate in driving shear induced NETosis: (i) high-dose addition of two major platelet secretagogues (convulxin and SFLLRN) failed to drive NETosis at low shear; (ii) high-dose apyrase to target platelet-secreted ATP/ADP (the major mediators of SIPA) [37, 38] had no effect on shear-induced NETosis; and (iii) the effluent from an occlusive clot showing shear-induced NETosis was directly contacted by a distal monolayer of P-selectin-adherent neutrophils that failed to show any NETosis. Although addition of apyrase is the classic approach to block SIPA via ADP release in closed systems (cone-and-plate viscometry of platelet-rich plasma), apyrase is less effective in dense, but non-occlusive, wall-attached platelet deposits that lack significant intrathrombus permeation [28, 39] . In contrast, the pressure-driven permeation of apyrase and ADP is substantially greater for fully occlusive thrombi than for nonocclusive thrombi. , whereas more neutrophils and extracellular DNAs were observed in arterial conditions (C). Subjecting thrombin/fibrin-positive thrombi to shear shift-up caused no significant differences in the number of adherent neutrophils but a 90-fold increase in NET release at 30 min (D). Platelet FI, neutrophil count and NET FI were normalized to each donor's control. *P < 0.05; **P < 0.01; ***P < 0.005. CTI, corn trypsin inhibitor; NS, not significant. 
Simulation of Darcy flow through occlusive clots containing deformable neutrophils
A numerical simulation of pressure-driven Darcy flow through a platelet occlusion was used to calculate the hydrodynamic forces on a deformable neutrophil becoming entrapped in the deposit. As shown in Fig. 7 , the calculated local instantaneous velocity in the porous medium was non-uniform. The fluid shear rate and shear stress (Fig. 7E,F) near the protruding tip of the neutrophil could reach as high as 5000 s
À1
and 15 Pa (= 150 dyne cm
À2
). Interestingly, the lysis threshold for neutrophils in bulk shear flow in a cone-and-plate viscometer has been determined to be~15 Pa. Large membrane stresses (> 50 Pa) were calculated at the leading edge of the neutrophil as it deformed under hemodynamic loading (Fig. 7D) .
Discussion
Shear-induced NETosis was independent of the coagulation processes of thrombin generation and fibrin formation. Clot-entrapped neutrophils were clearly in close proximity to activated and dense platelet deposits; however, the generation of NETs was largely controlled temporally by the onset of high hemodynamic forces, consistent with the lack of effect of HMGB1/RAGE and PAD4 inhibitors. Similarly, inhibitors of platelet-neutrophil adhesion did not prevent shear-induced NETosis. In the assay, neutrophils were observed to haltingly translocate through crevices and canaliculi of the occlusive thrombi (Movie S1), which is distinct from classic rolling on inflamed endothelium.
In order to observe neutrophil locations prior to NETosis, we conducted the flow shift-up experiment at 9 20 magnification with a 10-s time interval after the 13-min time point. As shown in Fig. S9B ,C, the highlighted neutrophils appeared before flow shift-up, stayed inside the clot, and released DNA. The NET-releasing neutrophil in Fig. S9A arrived at the spot after flow shift-up without DNA signal, became trapped in the clot, and then released DNA. Therefore, neutrophils entrapped under venous shear were capable of releasing NETs when they were exposed to an elevated pressure drop across the clot. The physical entrapment of neutrophils could occur both before and after flow shift-up, and neutrophils may also translocate through the thrombus after shift-up to deliver neutrophils to entrapped positions that then facilitate shear-induced NETosis. As neutrophils undergoing shear-induced NETosis were already entrapped and not moving with high velocity or experiencing high collision rates or rolling, the shear stress, not the shear rate, of the permeating flow would be the most likely driver of SIN production (Data S1).
In static incubation assays utilizing platelet-activating factor, ionomycin, or phorbol ester, and lasting for several hours, platelet P-selectin was found to promote NETosis [40] . Other studies using both static and flow assays, however, found that platelet P-selectin was not required for NETosis driven by LPS for 60 min [41] or driven by activated platelets releasing HMGB1 [3] . During microfluidic clotting, we observed that PSGL-1-blocking and CD18-blocking antibodies used together impaired platelet-neutrophil interactions, as demonstrated by the modest delay in neutrophil accumulation; however, physically entrapped neutrophils still released extracellular DNA at the onset of high shear stress. Also, ASA has been reported to reduce NETosis during TRALI [17] or experimental peritonitis [42] . However, the neutrophil response to plateletderived thromboxane is not well defined (neutrophils lack the thromboxane receptor), and ASA may have direct effects on neutrophils via cyclooxygenase-2-dependent prostaglandin E 2 production [43] , which may inhibit NETosis to some extent [44] . We found that thromboxane antagonism with ASA reduced platelet accumulation and subsequent occlusion, but ultimately did not prevent SIN production. In addition, we conclude that SIN production appears to be a process that does not require paracrine signals from SIPA during sterile thrombosis.
In these microfluidic experiments, the essential hemodynamic condition needed to drive SIN production was a ΔP/L of~87-163 mmHg per millimeter of clot (Fig. S2) across the occlusive clot. In humans, a 0.1-mm-long occlusive clot within an arteriole would experience a ΔP/ L of~(70-30 mmHg) per 0.1 mm of clot = 400 mmHg per millimeter of clot as the blood distal to the clot depressurizes to the capillary inlet pressure. We conclude that sterile arteriole occlusions during DIC experience hemodynamic forces sufficient to drive SIN production. Interestingly, patients with sepsis show elevated plasma levels of NETs if they also experience DIC [14] . Our results indicate that arteriole thrombosis can generate NETs as a result of intrathrombus hemodynamic shear forces. Additionally, we hypothesize that thrombotic occlusions between the arterial and venous systems (AV fistula) may be potentially susceptible to large intrathrombic forces that make the occlusion especially prone to shear-induced NETosis.
During hemostasis, sterile hemostatic clots within a punctured arteriole or artery wall connect the arterial blood compartment pressure (70-120 mmHg) to an interstitial pressure compartment (5-10 mmHg) or to the atmosphere (0 mmHg). Such hemostatic clots experience a DP/L ranging from 60 mmHg to 1200 mmHg per millimeter of clot for clots that are 0.1-1 mm in dimension between compartments. An occlusive hemostatic clot at the end of a fully severed arteriole would experience a similar range of DP/L, depending on length. In the context of hemostatic clots, SINs might represent an antimicrobial barrier on the outer surface of the clot facing the possibility of contamination during wounding. In the context of internal intrathoracic injury, the possibility of subatmospheric interstitial pressures (À 10 mmHg) via diaphragm mechanics would further increase pressure drops across the hemostatic clots, sealing injured vessels.
NETs have been recently identified within coronary thrombi [13] . Mangold et al. reported that coronary thrombi contained significantly more NETs than venous , and forced neutrophil deformation as the neutrophil encountered the platelet thrombus (C). The deformation and membrane stress on the neutrophil are shown at different simulation times (t = 1.9 ms and t = 3.9 ms) (D). The fluid shear rate (E) in the porous medium at 1.9 ms reached a peak value of 5000 s À1 , which corresponds to a peak shear stress (F) of 15 Pa.
[Color figure can be viewed at wileyonlinelibrary.com] thrombi, and they observed no NETs in clots formed in vitro under static conditions. Although other factors such as cholesterol crystals could also play a role, it is possible that shear stress may contribute to the higher NET level found in coronary thrombi. A small occlusive thrombus (1 mm in length) within a stenosed artery would experience a peak ΔP/L of~100 mmHg per millimeter of clot, which is sufficient to drive SIN production, if we assume that distal capillary flow stops and depressurizes to the venous pressure (10 mmHg). In contrast, partial coronary occlusions may experience little interstitial permeation, but would experience pathologically high wall shear stresses on their outer boundary exposed to flow, which is a driving force for von Willebrand factor unfolding [45] . Furthermore, the rapid SIN release implies the possibility that hemodynamic forces may become an important mediator of neutrophil extracellular DNA as thrombosis approaches the instant of full vessel occlusion. Because hemodynamic forces are driven by DP/L across a clot, extreme hypertension might exacerbate shear-induced NETosis following sterile thrombotic occlusion. Venous clots that are many centimeters in length probably have minimal interstitial flow to drive shear-induced NETosis. Although DVT occurs in the setting of low flow or stasis and can present NETs [12] , the final DVT in patients results in arterial pressures upstream of the clot (and consequent extreme venous dilation, the radiologic signature of DVT) and venous pressures downstream of the clot. A pressure drop of~100 mmHg over an initiating venous clot length of 1 mm might create substantial interstitial shear stress, owing to permeation. However, the size of the venous valve pocket would suggest that an occluding venous clot would have to be several millimeters in length with a pressure drop less than what was found to be necessary to drive SIN production.
The flow shift-up experiment resulted in rapid NETosis within 2 min. In contrast, pathogens have been shown to induce vital NETosis within 1 h [46] , and incubation of neutrophils in vitro with 50 nmol L À1 phorbol myristate acetate (PMA) or 20 ng mL À1 tumor necrosis factor-a requires 180 min for suicidal NET prduction [42] . A variety of pore-forming cytolytic toxins have also been reported to induce NET production [47, 48] . This suggests that shear-induced formation of membrane pores may be sufficient to trigger NETosis. Indeed, Malachowa et al. [48] reported that neutrophils exposed to electroporation release diffuse DNA that resembles PMA-induced NET structures. Although electroporation is not physiologic, our results demonstrate that fluid shear stress and large membrane stresses may make neutrophils vulnerable to membrane disruption and NETosis. From simulation of flow in dense clots, we calculate that hemodynamic forces on neutrophils in clots can substantially exceed the shear stress lysis threshold of 15 Pa needed to drive neutrophil lysis in a cone-and-plate viscometer.
To our knowledge, this is the first report of hemodynamic forces driving rapid NETosis within sterile occlusive thrombi. NETs produced in response to pathophysiologic hemodynamic stress might have thrombotic or inflammatory properties similar to those of NETs whose production is triggered by other stimuli. The role of SINs in the context of sickle cell crisis and other schistocyte-positive microangiopathies [49] remains to be explored.
Addendum
X. Yu, J. Tan, and S. L. Diamond designed research, wrote the manuscript, and analyzed and interpreted the data. X. Yu performed the experiments. J. Tan performed the simulations. Data S1. Supplemental Method. Movie S1. PPACK WB was perfused over collagen surface in pressure relief mode for 30 min. The initial shear rate was 1000 s À1 .
Movie S2. PPACK WB was perfused over collagen surface in constant flow mode for 30 min. The initial shear rate was 100 s À1 . Table S1 . Parameters used in the simulation. Fig. S1 . Surface patterning device and eight-channel microfluidics assay. Fig. S2 . Pressure measurement and ΔP across the clot region. Fig. S3 . Shift-up to 500 s À1 resulted in rapid NET release in occlusive thrombi. Fig. S4 . NET release was independent of thrombin generation. Fig. S5 . Constant-flow perfusion at an initial shear rate of 100 s À1 caused NET release. Fig. S6 . Blockade of platelet-neutrophil adhesion did not affect NET generation. Fig. S7 . Aspirin, Cl-amidine and HMGB1 antagonists did not impair NET release. Fig. S8 . SIN generation does not require PI3K signaling, CD11a/CD11b, and CD18. 
